Abstract We quantify the stratospheric injection of brominated very short-lived substances (VSLS) based on aircraft observations acquired in winter 2014 above the Tropical Western Pacific during the CONvective TRansport of Active Species in the Tropics (CONTRAST) and the Airborne Tropical TRopopause EXperiment (ATTREX) campaigns. The overall contribution of VSLS to stratospheric bromine was determined to be 5.0 ± 2.1 ppt, in agreement with the 5 ± 3 ppt estimate provided in the 2014 World Meteorological Organization (WMO) Ozone Assessment report (WMO 2014), but with lower uncertainty. Measurements of organic bromine compounds, including VSLS, were analyzed using CFC-11 as a reference stratospheric tracer. From this analysis, 2.9 ± 0.6 ppt of bromine enters the stratosphere via organic source gas injection of VSLS. This value is two times the mean bromine content of VSLS measured at the tropical tropopause, for constrained to CONTRAST observations, was used to estimate inorganic bromine from measurements of BrO collected by two instruments. The analysis indicates that 2.1 ± 2.1 ppt of bromine enters the stratosphere via inorganic product gas injection. We also examine the representation of brominated VSLS within 14 global models that participated in the Chemistry-Climate Model Initiative. The representation of stratospheric bromine in these models generally lies within the range of our empirical estimate. Models that include explicit representations of VSLS compare better with bromine observations in the lower stratosphere than models that utilize longer-lived chemicals as a surrogate for VSLS.
Introduction
Bromine chemistry plays an important role in the depletion of stratospheric ozone (Wofsy et al., 1975) . Historically, the only sources of stratospheric bromine considered in many model calculations of ozone depletion and recovery had been methyl bromide (CH 3 Br) and halons (e.g., Douglass et al., 2011) . However, numerous studies have indicated that marine biogenic emissions of brominated very short-lived substances (VSLS) constitute an important source of stratospheric bromine Dvortsov et al., 1999; Ko et al., 1997; Pfeilsticker et al., 2000; Salawitch et al., 2005) . It has been shown that incorporating VSLS into models improves agreement between simulated and measured trends in column ozone (Feng et al., 2007; Salawitch et al., 2005; Sinnhuber & Meul, 2015) and has a significant effect on projections of the depth and potentially the timing for the recovery of the Antarctic ozone hole Oman et al., 2016) . Additionally, the inclusion of VSLS alters the modeled sensitivity of the ozone layer to both future volcanic eruptions (Klobas et al., 2017) and geoengineering of climate via injection of stratospheric sulfate (Tilmes et al., , 2008 . Finally, accurate calculations of tropospheric bromine monoxide (BrO) loading based on satellite measurements of total column BrO rely on proper representation of the stratospheric injection of brominated VSLS (Choi et al., 2012; Salawitch et al., 2010; Theys et al., 2011) .
VSLS are compounds that have lifetimes of six months or less due to photochemical loss in the global troposphere. Since compounds with lifetimes less than six months cannot be assumed to be well mixed within the troposphere (Ko et al., 2003) , the stratospheric input of VSLS is more sensitive to the geographic location of their atmospheric sources than the input of CH 3 Br and halons, which have atmospheric lifetimes ranging from 0.8 to 65 years. Thus, emissions of VSLS in regions of active, vigorous convection (such as the Tropical Western Pacific, TWP) have a much larger probability of reaching the tropical tropopause layer (TTL) without being chemically altered than compounds released in other areas (e.g., Aschmann et al., 2009; Fernandez et al., 2014; Hossaini et al., 2013 ).
Here we use the abbreviation VSLS to refer solely to brominated VSLS. The VSLS relevant to this study (i.e., CHBr 3 , CH 2 Br 2 , CH 2 BrCl, CHBr 2 Cl, and CHBrCl 2 ) are produced by phytoplankton or algae in the upper ocean (e.g., Carpenter & Liss, 2000; Quack & Wallace, 2003; Tokarczyk & Moore, 1994) . The bromine contained in VSLS can reach the stratosphere either via source gas injection (SGI) or product gas injection (PGI) . If the VSLS reach the stratosphere in the original organic form (termed CBr y ), this is considered SGI. Alternatively, if the VSLS are oxidized in the troposphere, the constituent bromine atoms rapidly produce inorganic bromine compounds (termed Br y ) such as BrO, Br, HBr, HOBr, BrONO 2 , BrNO 2 , Br 2 , and BrCl. If the tropospheric Br y product gases reach the stratosphere, this is termed PGI. Consequently, SGI and PGI are sensitive to the strength of convection relative to the lifetime of the VSLS as well as the partitioning of product gases into soluble compounds that are susceptible to both washout and heterogeneous recycling (Aschmann et al., 2011; Fernandez et al., 2014; Hossaini et al., 2010; Liang et al., 2014 Liang et al., , 2010 Schofield et al., 2011; Sinnhuber & Folkins, 2006; Tegtmeier et al., 2012) .
Prior estimates of the contribution of VSLS to the stratospheric bromine loading are summarized in the most recent World Meteorological Organization (WMO) Ozone Assessment (WMO 2014; Carpenter et al., 2014) . The total contribution of VSLS to stratospheric bromine (i.e., SGI + PGI, denoted Br y VSLS ) was assessed to be 5 ± 3 parts per trillion by volume (ppt). The best estimate for SGI of VSLS (SGI VSLS ) presented in WMO 2014 is 1.4 ppt, with a range of 0.7 to 3.4 ppt, based on measurements of VSLS at the average tropical tropopause height of 17 km (e.g., Brinckmann et al., 2012; Laube et al., 2008; Schauffler et al., 1999) . Observations of Br y compounds at the tropical tropopause are sparse Werner et al., 2017) . As a result, PGI has previously been estimated to be 1.1 to 4.3 ppt based on a range of global model simulations considering the chemical processing of VSLS released by oceanic emissions (Aschmann & Sinnhuber, 2013; Hossaini et al., 2012; Liang et al., 2014 Liang et al., , 2010 . The WMO 2014 estimate for PGI is consistent with the abundance of Br y reported around 17 km in the tropics by Dorf et al. (2008) as well as the range of Br y mixing ratios at the base of the TTL and above the cold point tropopause reported by Werner et al. (2017) . The combined observed SGI VSLS and modeled PGI value generally agrees with estimates of Br y VSLS that are based on analysis of slant column measurements of BrO in the middle to upper stratosphere (e.g., Dorf et al., 2008; Parrella et al., 2013; Schofield et al., 2004) . However, there are significant uncertainties concerning the modeled estimates of PGI (e.g., Liang et al., 2014; Sinnhuber & Folkins, 2006; Tegtmeier et al., 2012) as well as the inference of Br y from measurements of BrO for photochemically aged stratospheric air (Kreycy et al., 2013; Sioris et al., 2006) .
In this study we use measurements of organic source gases and BrO, collected in the TTL and lower stratosphere of the TWP, to quantify both SGI VSLS and PGI. The TWP, particularly during boreal winter, is a region of active convection and one of the most important pathways for compounds with short tropospheric lifetimes to reach the stratosphere (Aschmann et al., 2009; Bergman et al., 2012; Levine et al., 2007; Schofield et al., 2011) . Consequently, the TWP and nearby Southeast Asia have been regions where a number of ground and ship-based campaigns have been conducted to study oceanic emissions of VSLS (Brinckmann et al., 2012; Mohd Nadzir et al., 2014; Robinson et al., 2014) . Additionally, aircraft campaigns observed mixing ratios of VSLS in Southeast Asia that were slightly elevated with respect to measurements collected in the rest of the tropics (Sala et al., 2014; Wisher et al., 2014) . However, past campaigns in the TWP did not sample the TTL or the lower stratosphere. Strong convection and potentially suppressed mixing ratios of OH (Rex et al., 2014) could enable efficient transport of VSLS to the TTL. Due to uncertainties in the removal of product gases (Liang et al., 2014; Sinnhuber & Folkins, 2006; Tegtmeier et al., 2012) as well as the transport of source gases within the TTL, direct observations of VSLS and their product gases within air entering the stratosphere are required to better constrain SGI VSLS and PGI.
In the winter of 2014, three aircraft campaigns based in Guam (13.5°N, 144.8°E) extensively sampled the TWP at different heights, including the TTL and lower stratosphere. Our study is based on analysis of data collected during the National Aeronautics and Space Administration (NASA) Airborne Tropical TRopopause EXperiment (ATTREX; Jensen et al., 2017) and the National Science Foundation (NSF) CONvective TRansport of Active Species in the Tropics (CONTRAST; Pan et al., 2017) campaigns. The ATTREX campaign sampled air masses up to 20 km, while CONTRAST included measurements up to 15 km. A third campaign, Coordinated Airborne Studies in the Tropics (CAST; Harris et al., 2017) , provided measurements of VSLS and BrO (Le Breton et al., 2017) from the marine boundary layer up to 8 km over the TWP. Since our emphasis is on analysis of observations within and above the TTL, including the lower stratosphere, data from CAST are not shown.
We rely on measurements of CH 3 Br, halons, and a suite of organic VSLS provided by the Whole Air Sampler (WAS) instruments (Navarro et al., 2015) during both ATTREX and CONTRAST. We also utilize measurements of BrO obtained by two instruments during CONTRAST: in situ observations from a Chemical Ionization Mass Spectrometer (CIMS; Chen et al., 2016) and remote observations from an Airborne Multi AXis Differential Optical Absorption Spectroscopy (AMAX-DOAS) instrument (Koenig et al., 2017) . A limb-scanning miniDifferential Optical Absorption Spectroscopy (mini-DOAS) instrument measured BrO during ATTREX Werner et al., 2017) . However, at the time of writing, observations of BrO from the mini-DOAS for the winter 2014 phase of ATTREX are not available.
Our study builds upon prior analyses of ATTREX and CONTRAST data. Navarro et al. (2015) presented an estimate of SGI VSLS based on WAS observations of CBr y compounds acquired during ATTREX and PGI based solely on a model estimate of gas phase Br y . Both Chen et al. (2016) and Koenig et al. (2017) estimated PGI using observations of BrO at the base of the stratosphere acquired during CONTRAST but did not incorporate measurements of CBr y . In this study, we use empirical bromocarbon-tracer relations to combine all three sets of measurements (i.e., WAS organics plus CIMS and AMAX-DOAS BrO) to develop comprehensive, observation-based estimates of SGI VSLS , PGI, and overall Br y VSLS . Since our study examines measurements obtained within the lower stratosphere and includes a method for quantifying the contribution to BrO from the stratospheric decomposition of CBr y source gases, our value of PGI is likely more robust than prior estimates because a larger ensemble of air masses is represented. We have made no attempt to quantify the amount of PGI that results from the oxidation of VSLS versus other sources, such as sea-salt aerosol. We refer the interested reader to Koenig et al. (2017) for analysis concerning the possible contributions of sea-salt aerosol as well as stratospheric injection of brominated particles to PGI.
We also compare the combined CONTRAST and ATTREX based estimate of Br y VSLS to the equivalent representation of this contribution within 14 global models that participated in the Chemistry-Climate Model Initiative (CCMI; Morgenstern et al., 2017) . These global models simulate factors that govern tropospheric chemistry, climate change, and ozone depletion. Eyring et al. (2013) recommended that CCMI models incorporate the WMO 2011 best estimate for Br y VSLS of 5 ppt (Montzka et al., 2011) in one of two manners: either by explicitly including CHBr 3 and CH 2 Br 2 (the two major VSLS) in the model or by increasing the surface mixing ratio of CH 3 Br (a traditional, non-VSLS source of bromine) by 5 ppt relative to baseline, to act as a surrogate for the additional bromine from VSLS. Recent studies have evaluated different emission inventories for VSLS that utilize more detailed emission schemes than recommended for the first phase of CCMI (Hossaini et al., , 2016 Lennartz et al., 2015) , but model output from these recent runs are not provided in the public CCMI archive and are representative only of present time conditions. Here our focus is on the analysis of archived CCMI model simulations over long historical and forecast (1960-2100) time scales conducted to study the interaction between climate change and atmospheric chemistry (Morgenstern et al., 2018; Revell et al., 2017) .
Observation and Model Descriptions

CONTRAST and ATTREX Campaigns
Observations from the CONTRAST and ATTREX campaigns provide a comprehensive suite of chemical and physical measurements of air entering the stratosphere from the TWP. During the CONTRAST campaign, the Gulfstream V (GV) High-performance Instrument Airborne Platform for Environmental Research (HIAPER) payload collected measurements from the marine boundary layer up to 15 km (Pan et al., 2017) , and during the ATTREX campaign, the NASA Global Hawk (GH) sampled air masses primarily between 14 and 20 km (Jensen et al., 2017) . The Guam-based flights of CONTRAST occurred between 17 January 2014 and 24 February 2014, whereas the Guam-based phase of ATTREX took place between 12 February 2014 and 12 March 2014.
Only two CONTRAST research flights (RF), RF06 (24 January 2014) and RF15 (24 February 2014), reached the stratosphere. Consequently, data collected during RF06 and RF15 are the primary focus of this study. The GV flew north of Guam into the extratropical lowermost stratosphere (LMS) on both flights, as shown in Figure 1 .
Figures 1b and 1c also include a cross section of potential temperature, the pressure of the thermal tropopause (black dashed lines), and the two potential vorticity unit (PVU = 10
) surface (green dashed lines), for the respective flight dates. Additionally, zonal winds are shown in Figure S1 to indicate where the GV crosses the subtropical jet. These meteorological fields are from the National Center for Environmental Prediction's final (NCEP-FNL) Operational Global Analysis, which is provided every 6 hr, at 1°× 1°(latitude, longitude) resolution. The NCEP-FNL data were interpolated bilinearly in latitude and longitude, and linearly in time and pressure, to the GV flight track. Throughout most of this study, the GV is considered to have entered the stratosphere where it crossed the thermal tropopause, as defined by WMO (World Meteorological Organization, 1957 ). The sensitivity of major results to the tropopause definition is quantified in section 3.3 by also using the 2 PVU surface (i.e., the dynamical tropopause). Data collected on CONTRAST research flights other than RF06 and RF15 are also used to describe the profile of bromocarbons throughout the TWP troposphere. Tracks of these other flights are shown in Pan et al. (2017) .
Measurements from the seven ATTREX flights (transit to Guam, RF01 to RF06) that sampled the stratosphere above the TWP are used. Flight tracks are shown in Figure 2 . Here we only use ATTREX measurements of the nine organic compounds described in section 2.1.1 that were acquired within the TWP. We define the TWP as between latitudes of 20°S to 20°N and longitudes of 120°E to 165°E. Flight segments within the TWP are shown using blue. Figure 2b shows the GH track along with cross sections of NCEP-FNL meteorological fields for a typical ATTREX flight, RF04, which took place on 6 March 2014. In all flights, the GH provided extensive sampling within the tropical stratosphere by traveling vertically in the tropics to collect measurements above the tropical tropopause. Conversely, during CONTRAST, the GV sampled the extratropical stratosphere by flying horizontally across the subtropical jet (Figure 1 ).
Aircraft Observations
The University of Miami WAS instruments collected measurements of trace gases, including CFC-11 (CCl 3 F) and bromocarbons during both ATTREX and CONTRAST Navarro et al., 2015) . During the CONTRAST campaign the WAS configuration is referred to as the Advanced WAS (AWAS), while during the ATTREX campaign, the WAS configuration is the GH WAS (GWAS). The WAS instruments collected air samples in canisters that were later analyzed using gas chromatography/mass spectrometry (GC/MS). Differences between inlet and canister systems onboard the two aircrafts are described in Andrews et al. (2016) . Both sets of measurements were calibrated using the method described by Schauffler et al. (1999) and analyzed using the same GC/MS system. Our study focuses on WAS measurements of five VSLS (CHBr 3 , CH 2 Br 2 , CH 2 BrCl, CHBr 2 Cl, and CHBrCl 2 ), three longer-lived bromocarbons (CH 3 Br, halon-1211 [CBrClF 2 ], and halon-2402 [C 2 Br 2 F 4 ]), and CFC-11. The WAS uncertainty and limit of detection for these nine compounds are given in Table S1 of the supporting information. Overall, measurements and calibrations of VSLS collected by AWAS agree well with other instruments during CONTRAST and CAST .
Halon-1301 (CBrF 3 ) was not measured during CONTRAST and ATTREX by any instrument. Therefore, computed values of halon-1301 as a function of CFC-11 from the CAM-chem-SD global model (described in section 2.1.2) are used to provide complete representation of all important organic bromine sources. Uncertainty in WAS measurements of these compounds (plus the use of modeled halon-1301 from CAMchem-SD) are minor factors in the overall uncertainty of our scientific conclusions. Additionally, since halon-1301 is stable within the troposphere, we expect mixing ratios at the base of the stratosphere to be similar to surface observations (Prinn et al., 2000) , and there is close agreement between surface WMO measurements and CAM-chem-SD simulations (see section 3.1.2).
Measurements of CFC-11 acquired by the AWAS instrument aboard the CONTRAST GV are shown in Figure 3 , for the segments of RF06 and RF15 that sampled the stratosphere. The dashed vertical lines denote crossings of the thermal tropopause. During RF06, the aircraft sampled stratospheric air only where potential temperature was below 380 K (Figure 1b) , which means air masses could have entered the stratosphere through recent, isentropic transport from the tropical troposphere (Holton et al., 1995) . Observed CFC-11 reached a minimum of 227 ppt, only slightly lower than the mean value of 233 ppt observed between 16.5 and 17.5 km in the TWP. During RF15, the aircraft reached air parcels with a potential temperature just above 380 K, indicative of the stratospheric overworld. Minimum CFC-11 was 188 ppt, demonstrating much deeper penetration of the stratosphere and a more photochemically aged chemical composition than sampled during RF06. While many other chemical and physical measurements acquired by the GV HIAPER payload during RF06 and RF15 are used in our study, the time series central to our analysis are shown in Figure 3 . Previous CONTRAST bromine studies (Chen et al., 2016; Koenig et al., 2017) have used the relation between mixing ratios of O 3 , CO, and H 2 O collected during RF15 to chemically define both the stratosphere as well as a transition layer, where there is a mixture of tropospheric and stratospheric air. While our study primarily uses the thermal tropopause, we also make use of a chemical tropopause (described below) to facilitate comparison to these two studies.
Measurements of O 3 and CO are shown in Figure 3 . During RF06, chemiluminescence measurements of O 3 (Ridley & Grahek, 1990) peaked at 164 ppb, consistent with the indication that the plane was in the LMS based on potential temperature. For the portion of RF06 where the GV was above the thermal tropopause (between black dashed lines in Figure 3e) , observations of CO, provided by an AeroLaser vacuum ultraviolet fluorescence instrument (Gerbig et al., 1999) , were considerably lower than observed in the troposphere. Conversely, O 3 peaked at 904 ppb on RF15, which was the deepest penetration of the stratosphere for the Guam-based flights of CONTRAST. The extremely low levels of CO observed in the middle portion of RF15 are again consistent with deep penetration of the stratosphere. During both flights, minimum mixing ratios of H 2 O (not shown) measured using an open-path laser hygrometer (Zondlo et al., 2010) were around 3 ppm, characteristic of dry stratospheric air. Koenig et al. (2017) distinguish air for which O 3 is greater than 200 ppb along RF15 as the chemical stratosphere, which provides a comparable view of RF15 to the discussion in Chen et al. (2016) . We also use a 200 ppb boundary because this threshold marks a sharp rise in O 3 and a leveling off of the mixing ratio of CO. The two distinct relations between CO and O 3 that occur on RF15, above and below where O 3 is about 200 ppb, are indicative of the chemically defined stratosphere and extratropical transition layer (i.e., Gettelman et al., 2011; Pan et al., 2004 Pan et al., , 2007 .
A key component of our study is the measurement of BrO by two instruments aboard the GV during CONTRAST. The University of Colorado AMAX-DOAS instrument (Baidar et al., 2013; Dix et al., 2016; Volkamer et al., 2015) measured the differential slant column density (dSCD) of BrO and NO 2 horizontally, ahead of the GV. The retrieval of dSCD and the conversion to mixing ratio for BrO and NO 2 are described by Koenig et al. (2017) . The AMAX-DOAS measurements of BrO and NO 2 mixing ratios are reported every 30 s, as shown in Figure 3 for BrO. Since the AMAX-DOAS instrument measures ahead of the plane, we have applied a 1.8-min delay to the AMAX-DOAS observations shown in Figures 3g and 3h . Details for the calculation of this delay are given in Text S1 and Figure S2 . The total measurement uncertainty for BrO and NO 2 is the root sum of square combination of the dSCD fitting error and the 30% uncertainty in the volume mixing ratio conversion (Dix et al., 2016) . The total error for AMAX-DOAS BrO is shown by the green errors bars in Figure 3 . Throughout the stratospheric portions of RF06 and RF15, the AMAX-DOAS measurement of BrO is well above the 0.4 ppt limit of detection.
The Georgia Institute of Technology CIMS instrument (Huey, 2007; Liao et al., 2011) also measured BrO during CONTRAST, as described by Chen et al. (2016) . For RF01 through RF08, the use of a Br 2 calibration gas interfered with these measurements, while for RF09 to RF16, a Cl 2 calibration gas that posed no interference was used. As a result, CIMS observations of BrO are reported for RF15 but not RF06. Additionally, CIMS BrO is not reported where O 3 is greater than 480 ppb, due to a possible instrumental interference. Our study uses CIMS 1-min measurements of BrO acquired during RF15, which have a 1σ total measurement uncertainty of 11.5% (blue points with error bars, Figure 3h ). For stratospheric air masses where O 3 is below 200 ppb, CIMS BrO is frequently near or below the 0.6 ppt limit of detection (Chen et al., 2016) . The CIMS instrument also reports a measurement of HOBr + Br 2 , but we do not consider the observation of HOBr + Br 2 in our estimates of PGI, because data for this quantity are not available where O 3 mixing ratios are above 200 ppb.
The measurements of BrO from AMAX-DOAS exhibit a broad peak value of about 1 ppt for RF06 (Figure 3g ). Measurements of BrO from AMAX-DOAS and CIMS peak around 3.5 and 4.5 ppt, respectively, for RF15 ( Figure 3h ). The largest consistent offsets between the two observations of BrO for RF15 occur on the approach and exit from the stratosphere (i.e., in the upper troposphere) and in the region of the LMS where O 3 is below 200 ppb.
CAM-chem-SD
Simulations of the Community Atmosphere Model version 4 with interactive chemistry and specified dynamics (CAM-chem-SD; Tilmes et al., 2015) were prepared in support of the CONTRAST (Pan et al., 2017) and ATTREX (Jensen et al., 2017) campaigns. Dynamics were specified based on meteorological fields from the NASA Goddard Earth Observing System Model, version 5 (GEOS-5; Molod et al., 2012) . Model output was prepared on a 0.94°latitude by 1.25°longitude resolution with 56 vertical levels and a 30 s temporal resolution. CAM-chem-SD simulations have been used for flight planning of both campaigns as well as post mission data analysis Koenig et al., 2017; Navarro et al., 2015 Navarro et al., , 2017 Nicely et al., 2016) .
We use output from CAM-chem-SD from a simulation that includes a detailed representation of the chemistry of bromine and iodine compounds, including VSLS and longer-lived bromine and chlorine sources. All five brominated VSLS measured by the WAS instruments were included in the model. Geographically resolved time-dependent marine emissions were prescribed based on a parameterization involving satellite measurements of chlorophyll-a (Ordóñez et al., 2012) . Additional sources of inorganic bromine and chlorine through sea-salt dehalogenation as well as heterogeneous recycling reactions occurring on upper tropospheric aerosols were also considered . (Figure 3d ). Since AMAX-DOAS is a remote sensing instrument that measures ahead as well as in a narrow band vertically above and below the aircraft, it is possible that AMAX-DOAS observations are not able to capture the gradients in BrO observed by CIMS. However, the AMAX-DOAS observations of NO 2 do reflect the sharp gradients indicated by observations of O 3 ( Figure S2 ), and the CIMS measurements have known interferences at high mixing ratios of O 3 (Chen et al., 2016) . As a result, in lieu of a third observation of BrO, we use measurements from both instruments in a statistical fashion to arrive at a best estimate for Br y VSLS and PGI.
For the region of the LMS where O 3 < 200 ppb, the mixing ratio of BrO from CAM-chem-SD falls between the AMAX-DOAS and CIMS observations. Within this region, the CIMS observations are close or below the 0.6 ppt lower limit of detection, causing significant variability in the measurements of BrO. Additionally, Koenig et al. (2017) discuss potential reasons for the difference between CAM-chem-SD and AMAX-DOAS BrO where O 3 < 200 ppb, including uncertainties in heterogeneous reaction chemistry and an additional source of Br y from sea-salt aerosols. Difference in the two observations of BrO for this region of the LMS as well as possible shortcomings in modeled BrO supports our use of both measurements of BrO for our baseline determination of Br y VSLS and PGI in section 3.2.
Box Model
A photochemical steady state box model (Choi et al., 2012; Salawitch et al., 2010 Salawitch et al., , 2005 Sioris et al., 2006 ) was used to infer gas phase Br y from observed BrO during RF06 and RF15. The box model includes 37 chemical species and uses rate constants and absorption cross sections from the NASA Jet Propulsion Laboratory 2015 (JPL 2015) kinetic compendium (Burkholder et al., 2015) for a complete set of gas phase and heterogeneous chemical reactions known to affect stratospheric BrO. Photolysis frequencies and rate constants were calculated at the location of each AMAX-DOAS and CIMS measurement of BrO for a full diel cycle (at the latitude and pressure of the observation) in 15 min intervals. The partitioning of all species within the Br y family was found assuming photochemical steady state over the diel cycle. The modeled BrO/Br y ratio for the local solar time of each measurement of BrO was then used to infer Br y along the tracks of RF06 and RF15. Our analysis of Br y inferred from BrO is restricted to measurements obtained in the stratosphere, as defined by either the thermal or dynamical tropopause.
The box model was constrained to a wide range of GV HIAPER observations, listed in Table 1 . One-minute averages of GV HIAPER measurements of temperature, pressure, O 3 , CO, CH 4 , and H 2 O were used to constrain the box model. Additionally, surface reflectivity in the model was scaled so that the modeled photolysis frequency of NO 2 (J NO2 ) matched the observation of J NO2 from the HARP instrument. Similarly, total column O 3 was scaled to force agreement between modeled and measured photolysis frequency of O 3 , producing
All other J-values were calculated using these HARP-based estimates of surface reflectivity and total column O 3 . The number distribution of particles with diameters between 0.06 and 1 μm was measured using an Ultra-High Sensitivity Aerosol Spectrometer (UHSAS; Cai et al., 2008) . Aerosol surface area density (SAD) was calculated from UHSAS measurements assuming spherical sulfate particles. Due to variability in the aerosol SAD calculated from UHSAS measurements, the box model was constrained to the 5-min running mean of aerosol SAD ( Figure S3 ). We treat all aerosols as sulfate, since the temperature was well above the frost point during all stratospheric observations. We have also specified inorganic chlorine (Cl y ) along the GV tracks of RF06 and RF15 using AWAS measurements of CFC-11, tied to the relation between CFC-11 and Cl y computed within CAM-chem-SD for the latitudes and longitudes of both flights ( Figure S4 ). Based on our analysis, presented in section 3.2, this estimate introduces only a minor uncertainty in inferred Br y .
Chemiluminescence measurements of both NO and NO 2 were acquired during CONTRAST. However, this measurement of NO 2 is believed to have been influenced by an unknown amount of thermally decomposed nitrogen compounds, which leads to an overestimate in the upper troposphere and stratosphere due to the cold conditions of ambient air. Since the modeled BrO/Br y ratio is sensitive to the trimolecular reaction between BrO and NO 2 (see section 3.2), total nitrogen oxides (NO y ) in the box model have been scaled to match the mixing ratio of NO 2 reported by the AMAX-DOAS instrument. However, the use of chemiluminescence NO rather than AMAX-DOAS NO 2 as a model constraint indicates a lower abundance of NO 2 (blue line in Figure S2 ), thereby lowering the amount of Br y inferred from the observed BrO. As a result, we examine uncertainty in modeled Br y by also constraining the model to the observed mixing ratio of NO, since the chemiluminescence measurement of NO is unaffected by thermally labile nitrogen compounds due to the design of the instrument. Because NO 2 provides a more direct constraint for the BrO/Br y ratio, we use AMAX-DOAS NO 2 in our baseline simulations.
The value of Br y consistent with each observation of BrO along RF06 and RF15 was found in an iterative fashion. The box model was initialized with Br y from CAM-chem-SD. Box-modeled Br y was then adjusted so that box-modeled BrO matched either AMAX-DOAS or CIMS BrO, to within 2%. Analysis of Br y found in this manner is limited to the stratosphere (i.e., region between the black vertical dashed lines of Figure 3 ). The effects on computed Br y of kinetic and measurement uncertainties are considered in section 3.2 by applying a 1σ displacement in the JPL 2015 uncertainty for the rates of the eight most important chemical reactions that govern the BrO/Br y ratio and by adjusting model inputs according to their 1σ uncertainty (Table S2 ).
Results and Discussion
3.1. Organic Bromine 3.1.1. Organic Bromine Tracer Relations Stratospheric tracer-tracer relations were developed using simultaneous WAS measurements of bromocarbons and CFC-11. The use of a stratospheric tracer, such as CFC-11, allows bromocarbons to be analyzed as a function of photochemical aging in the stratosphere (Wamsley et al., 1998) and provides a convenient means for comparing field measurements with the output of global models (e.g., Kovalenko et al., 2007 ; Salawitch et al., 2005 Salawitch et al., , 2010 . Our study uses measurements of CFC-11 and eight bromocarbons to estimate how much Br y should have formed as a result of the stratospheric decay of both VSLS and longer-lived bromocarbons.
Our procedure for calculating the tracer-tracer relations follows Wamsley et al. (1998) . The decay of a longlived bromocarbon, denoted as (X), in relation to decay of CFC-11 can be represented as
where (X) o and (CFC-11) o represent the tropical tropopause mixing ratios. For long-lived compounds, such as halons, the decay parameter d in equation (1) is equal to the ratio of the lifetimes (τ) of the bromocarbon relative to CFC-11 (i.e., d = τ X /τ CFC À 11 ; Plumb & Ko, 1992) . However, discrepancies between the observed decay parameter d and the ratio of the lifetimes have been observed for shorter-lived compounds, including CH 3 Br (Avallone & Prather, 1997; SPARC, 2013) . Table 2 contains fitting parameters used to define tracer-tracer relations central to our analysis. For our primary analysis of aircraft data, we have taken the logarithm of equation (1), which leads to
and solved for d and (X) o using linear least squares analysis of simultaneous measurements of each bromocarbon and CFC-11. The value for (CFC-11) o was set to 233 ppt throughout our study, based on the mean of all ATTREX observations of CFC-11 obtained at 17 km altitude (i.e., between 16.5 and 17.5 km) by the GWAS instrument in the TWP. The use of data collected at 17 km to define the abundance of CFC-11 at the base of the stratosphere is also consistent with the approach used in WMO 2014 (Carpenter et al., 2014) and other estimates of SGI (i.e., Navarro et al., 2015) because the cold-point tropopause, used to denote the top of the TTL, lies close to 17 km in the tropics. Since many of the bromocarbon compounds have short tropospheric lifetimes, resulting in large seasonal and geographic gradients, solving for (X) o using equation (2) is more representative of entry into the global stratosphere than values of (X) o based on ATTREX measurements at 17 km within the TWP. Comparison of (X) o from these two methods is given in section 3.1.2. For Table 2 and throughout, we report values of (X) o as the mixing ratio multiplied by the bromine atomicity in each compound, since the sum of bromine atoms is used to define SGI. The lifetime of each VSLS at 10 km altitude in the tropics, from Table 1 -5 of WMO 2014, is also given for each VSLS.
The relations between the two major VSLS (CH 2 Br 2 and CHBr 3 ) and CFC-11, observed during CONTRAST and ATTREX, are shown in Figure 4 . Similar plots for the minor VSLS (CH 2 BrCl, CHBr 2 Cl, and CHBrCl 2 ) are shown in Figure S5 , and all fitting parameters calculated using ATTREX observations are given in Table S3 . Figures 4a  and 4b show data collected in the extratropical stratosphere during RF06 and RF15 of CONTRAST, whereas 
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Figures 4c and 4d show observations in the tropical stratosphere during ATTREX. In all cases, data are shown only if the airplane was in the stratosphere, as defined by the thermal tropopause (section 2.1.1).
The solid lines in Figure 4 show the fit to the respective data using equation (1). The black points show the values of (X) o for the various compounds, along with the 1σ fitting uncertainty (numerical values in Table 2 ). Observations of CH 2 Br 2 and CHBr 3 versus CFC-11 during ATTREX in the tropical stratosphere (Figures 4c and 4d) can be represented well using equation (1). The same is true for CONTRAST observations of CH 2 Br 2 versus CFC-11 in the extratropical stratosphere (Figure 4a ). Conversely, CONTRAST observations of CHBr 3 versus CFC-11 exhibit considerable scatter and are not amenable to being fit using equation (2). The difference between the tropical tropospheric lifetimes for CH 2 Br 2 and CHBr 3 , respectively, 150 and 17 days (Table 2) , provides a likely explanation for this dichotomy.
Compact relations for equation (1) will exist only if the photochemical removal lifetime is long relative to the time scale of mixing (Plumb & Ko, 1992) . The ATTREX observations were obtained in a region of the tropical stratosphere characterized by slow ascent (θ > 385 K) and likely isolated from other chemical regimes (e.g., Volk et al., 1996) . The CONTRAST measurements, on the other hand, were acquired in the extratropical LMS at potential temperatures between 360 and 385 K, a region that allows for the possibility of rapid horizontal mixing of air parcels with different chemical histories, resulting in a wide range of possible transit times. As discussed above, the decay parameters for CH 3 Br and VSLS will not be a direct function of their lifetime (Avallone & Prather, 1997; SPARC, 2013) . For CH 3 Br and the two VSLS with longer lifetimes (CH 2 Br 2 and CH 2 BrCl), the observed decline relative to CFC-11 in the extratropical stratosphere can be adequately described using equation (1). As expected, these compounds exhibit more scatter versus CFC-11 than observed for longer-lived halons ( Figure S6 ), but a reasonable fit can be achieved. Since the three shortest-lived VSLS (CHBr 3 , CHBr 2 Cl, and CHBrCl 2 ) are more sensitive to local chemical environments, meaningful fits could not be determined for CONTRAST observations of these VSLS in the LMS (Figures 4b and S5 ).
Consequently, Table 2 contains entries for fitting parameters of five VSLS, from a mixture of CONTRAST and ATTREX observations. Together, minor VSLS supply 0.6 ppt to the stratosphere in comparison to CHBr 3 and CH 2 Br 2 , which supply a combined 2.4 ppt. Careful consideration for CHBrCl 2 was necessary, because WAS observations were sparse at low mixing ratios of CFC-11 during both CONTRAST and ATTREX. For this species, we used the mean value of CHBrCl 2 observed at 17 km (i.e., between 16.5 and 17.5 km) in the TWP during ATTREX to define (X) o . Since the lifetime of CHBrCl 2 is closest to the lifetime of CHBr 2 Cl, the decay parameter from the CHBr 2 Cl fit was used.
Finally, Table 2 also shows fitting parameters for the four long-lived bromocarbons ( Figure S6 ) that have traditionally been considered in studies of stratospheric ozone depletion and recovery. For reference, Table 2 also lists the stratospheric lifetimes of these compounds, obtained from Table 1 -3 of WMO 2014, originally reported in SPARC (2013). Data acquired in the stratosphere on CONTRAST RF06 and RF15 are used, except for halon-1301, which was not measured during either CONTRAST, ATTREX, or CAST. The fit parameters for halon-1301 are based on analysis of output from CAM-chem-SD along RF06 and RF15 of CONTRAST. The fits conform to prior expectation (Wamsley et al., 1998) and yield a value of 15.0 ± 0.2 ppt for the sum of the four values of (X) o , which means 15.0 ppt of bromine was delivered to the Note. All mixing ratios are multiplied by the bromine atomicity.
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Journal of Geophysical Research: Atmospheres stratosphere by long-lived sources in winter 2014. This estimate is in agreement with the WMO 2014 time series for the delivery of bromine to the stratosphere by these four compounds ( Figure S7 ). Finally, the product of the decay parameter for the various halons and the WMO 2014 estimate of 52 years for the stratospheric lifetime for CFC-11 results in computed lifetimes of 34, 66, and 38 years, respectively, for halon-1211, -1301, and -2404. These values are slightly lower than but consistent with the stratospheric partial lifetimes reported by WMO 2014, given in Table 2 .
Source Gas Injection From VSLS (SGI VSLS )
An important focus of CONTRAST and ATTREX was the quantification of the stratospheric supply of bromine via both SGI and PGI. Here we used the fits of VSLS as functions of CFC-11 (Table 2 ) to arrive at an estimate for SGI VSLS of 2.9 ± 0.6 ppt. The value of 2.9 ppt is the sum of the five values of (X) o for VSLS, and the uncertainty of 0.6 ppt is a root sum of squares combination of the fitting uncertainties for the five VSLS. This estimate combines data acquired at the top of the TTL and within the photochemically aged stratosphere in the context of a physically plausible model for the decay of the bromocarbons and mimics the approach of Wamsley et al. (1998) . An alternate method to estimate SGI VSLS is to tabulate the bromine content of the five VSLS compounds near 17 km in the tropics, which we quantify below. Figure 5 shows vertical profiles of VSLS in the TWP and compares these two approaches for estimating SGI VSLS . The square and circle symbols represent the organic bromine content of various VSLS measured during CONTRAST and ATTREX, respectively. The WAS measurements have been averaged within 1 km altitude bins, and the error bars represent the standard deviation about the mean within each bin. CONTRAST data shown in Figure 5 were acquired during 12 flights in the TWP, including portions of RF06 and RF15. The lines show calculations of profiles for these VSLS, averaged for February over the TWP, from CAM-chem-SD Navarro et al., 2015 ; section 2.1.2). Note that the three minor VSLS have been summed together, for both measured and modeled profiles. Comparatively, the red diamond represents the tracer-based estimate for SGI VSLS of 2.9 ± 0.6 ppt, described above.
Overall the observed vertical profiles of VSLS from CONTRAST and ATTREX compare well to modeled profiles from CAM-chem-SD in the TTL. Navarro et al. (2015) showed similarly good comparisons, based on ATTREX observations in the Western and Eastern Pacific. The CAM-chem-SD profile is slightly higher than observed for CH 2 Br 2 above 15 km and for CHBr 3 between 11 and 14 km, leading to slightly larger modeled values for CBr y than observed in the TTL (~13 to 17 km). Below 2 km, CHBr 3 mixing ratios are higher in CAMchem-SD than the mean values observed during CONTRAST ( Figure 5) . A similar discrepancy exists between CAM-chem-SD CHBr 3 and measurements obtained during CAST (not shown), which sampled altitudes below 8 km in the TWP during winter 2014 . Previous evaluations of the Ordóñez et al. (2012) climatology, used by CAM-chem-SD for emissions of VSLS, have identified the potential to overestimate the actual emissions of CHBr 3 based on a comparison of model output to ground-based and Southeast Asian aircraft observations (Hossaini et al., , 2016 . However, CAM-chem-SD shows very good agreement with ATTREX measurements of CHBr 3 sampled at higher altitudes. Vertical profiles of all individual VSLS and longer-lived compounds are shown in Figure S8 . In this figure, WMO 2014 surface mixing ratios of CH 3 Br, halons, and CFC-11 are included , demonstrating good agreement between CAM-chem-SD tropospheric and WMO 2014 surface values for all compounds.
As noted above, some prior estimates of SGI VSLS have been based on observations near 17 km. For this altitude in the TWP, the bromine content of the five VSLS observed during ATTREX is 3.4 ± 0.3 ppt (Table 3 ). This estimate differs slightly from the value of 3.27 ± 0.47 ppt reported by Navarro et al. (2015) , because we have restricted our analysis to GWAS measurements collected within 20°S to 20°N. A comparison to the prior estimates of VSLS at 17 km in the tropics, given in Chapter 1 of WMO 2014, (Table 3 ). The ATTREX determination of SGI VSLS in the TWP of 3.4 ± 0.3 ppt is, however, more than a factor of 2 greater than the WMO 2014 best estimate of 1.4 ppt. Furthermore, the ATTREX 17 km mean observations of CHBr 3 and CHBrCl 2 exceed the upper range from WMO 2014. This difference could be due to our sampling of the biologically and convectively active TWP, since the WMO 2014 average values are based on measurements throughout the tropics. Additionally, the mean and standard deviation of AWAS measurements of VSLS between 10 and 12 km is 4.7 ± 0.6 ppt. This value is slightly higher than but within one standard deviation of previously reported upper tropospheric VSLS of 4.4 ± 0.4 ppt (Sala et al., 2014) and 4.2 ± 0.6 ppt (Wisher et al., 2014) that are based on aircraft observations collected above Southeast Asia. Recently, Fiehn et al. (2018) have emphasized that considerable seasonal and interannual variability in SGI VSLS could be expected.
The upper limit for the uncertainty in our 2.9 ± 0.6 ppt tracer-based estimate for SGI VSLS (red diamond in Figure 5 ) encompasses the value of SGI VSLS measured at 17 km during ATTREX (3.4 ± 0.3 ppt, grey circle at 17 km in Figure 5 ). Despite the coverage of observations provided by seven flights of the GH during ATTREX, it is unclear how representative the measurements acquired at 17 km are of the conditions for the entire winter in the TWP. Furthermore, SGI VSLS sampled over the TWP during the biologically and convectively active boreal winter may be high with respect to the tropical average. Due to their short lifetimes, the transport of VSLS is expected to be highly variable in both time and space. For instance, the CONTRAST campaign sampled the TTL in the TWP earlier in the winter season compared to ATTREX (Jensen et al., 2017; Pan et al., 2017) . For the overlapping altitude region of these two data sets (i.e., between 14 and 15 km), the CONTRAST observations of the bromine content of VSLS in the TWP are 0.3 ppt lower than measured during ATTREX. This offset is largely due to lower CHBr 3 mixing ratios measured during CONTRAST than ATTREX (Figures 5 and S8 ). Since AWAS and GWAS measurements use the same calibration and GC/MS systems , this difference probably indicates that for the conditions sampled during CONTRAST, there was either slightly smaller emissions or less efficient vertical transport of CHBr 3 than occurred for the air masses sampled later in winter at 17 km during ATTREX.
We use the tracer-based value for SGI VSLS of 2.9 ± 0.6 ppt in the analysis below. Given the short lifetimes of many VSLS, we place greater emphasis on this estimate of SGI VSLS , since this method inherently includes air parcels with a much greater diversity of convective histories than estimates based only on observations near 17 km in the TWP. For instance, the tracer-based estimates of SGI from CHBr 3 and CH 2 Br 2 (Table 2) are both about 0.2 ppt lower than their 17 km means (Table 3 ). The tracer analysis for CHBr 3 is based on all stratospheric ATTREX measurements in the TWP, which includes measurements around 17 km as well as more convectively aged air parcels at higher altitudes. Additionally, the tracer-based estimate for SGI of CH 2 Br 2 makes use of data that span a large range of latitudes and provides a more direct representation of the conditions sampled by the instruments that measured BrO, which is used to calculate PGI. 3.1.3. Inorganic Bromine From SGI (Br SGI y ) The bromocarbon versus CFC-11 tracer relations, defined in section 3.1.1, are used to calculate the expected formation of Br y following stratospheric decay of VSLS, CH 3 Br, and halons, which we term Br y SGI . Figure 6a shows the relation between stratospheric CBr y (i.e., carbon-bonded bromine) and CFC-11, calculated according to 
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where the summation is performed over all bromocarbons, indicated by i. The two lines in Figure 6a make use of values of (X i ) o and d i given in Table 2 . Here and throughout, orange is used to represent the stratospheric supply of bromine from only CH 3 Br and halons, while black is used to represent the supply from both VSLS and long-lived compounds. The solid lines show the slow decay of the bromocarbons in the LMS, as CFC-11 decreases, represented by equation (3). The squares indicate the total organic bromine content as measured by AWAS during CONTRAST, plus the CAM-chem-SD value for halon-1301. In some instances, the measurements from AWAS are incomplete (i.e., the mixing ratio for one or more of the eight AWAS compounds in Table 2 is not available). If values for either CHBrCl 2 or halon-1211 are missing, we used the fit parameters to estimate the abundance. This allows for more data points on Figure 6a . Figure 6b illustrates our estimate for the appearance of inorganic bromine upon stratospheric oxidation of the organic sources, following the approach of Wamsley et al. (1998) . Assuming that the total bromine content of the stratosphere is present either in organic or inorganic form in the gas phase (i.e., aerosol uptake and washout, within the stratosphere, are inconsequential), then the inorganic bromine (Br y SGI ) provided by the oxidation of organics is represented by: Br
where CBr y is calculated according to equation (3). In equation (4) We assume that the value of SGI VSLS measured during CONTRAST and ATTREX campaigns is constant over time. Conversely, it is known that SGI LL varies over time, and the surface mixing ratios of CH 3 Br and halons have decreased slightly over the past decade due to the success of the Montreal Protocol ( Figure S7 ). In order to represent the slow decay of CH 3 Br and halons in the global troposphere, an estimate for the age of stratospheric air is needed. Age of air is the mean time an air parcel takes to travel from the base of the stratosphere to the location of measurement (Hall & Plumb, 1994) . Here the N 2 O-based estimate for age of air given in Engel et al. (2002) is used, tied to the CFC-11 versus N 2 O relation from CAM-chem-SD and AWAS observations of CFC-11 (see Text S2 in the supporting information). The mean age of air as a function of CFC-11 has been used to adjust SGI LL in Figure 6b , such that the values correspond to the time series of CH 3 Br and halon surface mixing ratios given in Chapter 5 of WMO 2014 . The bromine content of SGI LL , represented by the orange dotted line in Figure 6b , increases slightly from 15.0 ppt where CFC-11 is 233 ppt to 15.2 ppt where CFC-11 is 175 ppt, which reflects the slow, gradual decline of long-lived bromocarbons.
Finally, the dashed lines in Figure 6b represent the rise in inorganic bromine due to the decay of long-lived bromocarbons as a function of CFC-11 (orange) and the rise in organic bromine due to the decay of all sources that enter the stratosphere with carbon intact (black; Br y SGI ). The curve for Br SGI y was found using equation (4); in simple graphical terms, Br y SGI is the difference between the black dotted and the black solid lines in Figure 6b . Similarly, the orange dashed line is the difference between the orange dotted and solid lines.
Product Gas Injection (PGI)
Here we estimate the supply of bromine to the stratosphere by inorganic species that cross the tropopause. The estimate of PGI given below is unable to distinguish between inorganic bromine produced following the decomposition of VSLS and inorganic bromine from other sources, such as sea-salt aerosol. While theoretically sea-salt aerosol should be most important in the lower portions of the tropical troposphere, a number of recent studies have shown that this source can be important at higher altitudes, mainly within regions of active convective such as the TWP Koenig et al., 2017; Long et al., 2014; Schmidt et al., 2016; Wang et al., 2015; Yang et al., 2005) . Journal of Geophysical Research: Atmospheres CONTRAST RF06 and RF15. The error bars for Br y in these panels were calculated by applying the box model BrO/Br y partitioning to the upper and lower 1σ uncertainty limits of the BrO measurements reported by the two instruments teams. The value of Br y within CAM-chem-SD, interpolated in space and time to the GV flight tracks, is shown by the red lines. As the GV entered the stratosphere (black vertical dashed lines), Br y increases as expected. The value of Br y inferred from AMAX-DOAS BrO broadly peaked around 3 ppt for RF06, and Br y inferred from both AMAX-DOAS and CIMS BrO peaks around 6 ppt for RF15. As noted in section 2.1.1, observations of BrO from CIMS are not available for RF06. The rise in Br y is considerably more pronounced for RF15, reflecting deeper penetration into the stratosphere. The simulation of Br y from CAM-chem-SD exhibits overall good agreement with Br y inferred from BrO and related observations during the middle portion of RF15 where the aircraft sampled deeper in the stratosphere, and mixing ratios of O 3 are above 200 ppb.
The largest difference between Br y inferred from AMAX-DOAS and CIMS occurs near the edges of the stratosphere (Figure 7d ). The CAM-chem-SD value for Br y nearly splits the difference between the estimates based on AMAX-DOAS and CIMS BrO, similar to the comparison of BrO shown in Figure 3h . We base our best estimate of PGI on a statistical analysis of both measurements, since we have no basis for assessing which observationally based estimate of Br y is more likely to be correct. Finally, the fact that the CAM-chem-SD estimate for BrO shown in Figure 3h looks nearly identical compared to observations as the CAM-chem-SD estimate for Br y shown in Figure 7d demonstrates that the representation of the BrO/Br y ratio is comparable between our photochemical box model and the global model ( Figure S9 ). Koenig et al. (2017) highlight large variations in the Br y partitioning obtained with both box and global models in the upper troposphere, outside of the regions used here, particularly where aerosol SAD is below 1 × 10 À8 cm 2 /cm 3 . This suggests that further research regarding transport, recycling, and/or washout of inorganic bromine is still required.
Our estimate of PGI is based on inferred Br y only within the stratosphere. As the GV aircraft travels deeper into the stratosphere, the BrO/Br y ratio increases during both RF06 and RF15, due to the declines in atomic Br and HBr, driven by ambient O 3 and heterogeneous processing. This behavior is consistent with the explanation for bromine partitioning described by Fernandez et al. (2014) and Koenig et al. (2017) . Within the stratosphere, the contribution of BrONO 2 to the Br y budget increases as the mixing ratio of O 3 exceeds 200 ppb (grey shaded portion of Figure 7b ) and NO 2 exceeds 50 ppt ( Figure S2a ). As discussed below, Br y inferred for this flight segment is sensitive to the accuracy of the kinetic information used to define the rates of formation and loss of BrONO 2 , which currently has considerable uncertainty (Kreycy et al., 2013; Sioris et al., 2006) . Most importantly, our estimate of PGI is weighted toward flight segments for which BrO constitutes about half of Br y .
The relationship between the inferred Br y and AWAS CFC-11 was used to estimate PGI (Figure 8 ). Five-minute averages of stratospheric Br y , inferred from BrO observations, were calculated, centered at the time of each AWAS CFC-11 measurement. PGI was calculated from the mean difference between Br y SGI (black line in Figure 8 ) and inferred Br y . The PGI estimate using both AMAX-DOAS and CIMS measurements is 2.1 ± 1.3 ppt, where the reported uncertainty is the standard deviation of the mean (Figure 8a ). PGI estimated using only AMAX-DOAS measurements is 2.2 ± 1.3 ppt (Figure 8b ) and using only CIMS measurements is 1.7 ± 1.3 ppt (Figure 8c ).
The overall PGI estimate was determined to be 2.1 ± 2.1 ppt. The total uncertainty is the root sum of square combination of four factors: (a) the standard deviation about the mean of the PGI estimate, (b) the 1σ measurement uncertainty in BrO, (c) the impact of JPL 2015 kinetic 1σ uncertainties on the BrO/Br y ratio, and (d) 1σ uncertainties in observations other than BrO used to constrain the box model (Table S2) . Of these factors, the largest contributions to the overall uncertainty in PGI (2.1 ppt) are the uncertainties in measured BrO (error bars in Figure 3g and 3h) and the standard deviation of the mean difference between inferred Br y and Br y SGI (reported in the previous paragraph), which both happen to be equal to 1.3 ppt. The impact of chemical kinetics on our estimate of PGI is~0.8 (À0.67, +0.98) ppt. The kinetic term is dominated by the JPL 2015 uncertainty in the rate constant of BrO + NO 2 + M (Text S3 and Figure S10a ).
Ambient NO 2 makes the smallest contribution to the uncertainty in PGI. In our base scenario, modeled NO y is constrained by AMAX-DOAS measurements of NO 2 (section 2.2). If modeled NO y is instead constrained to chemiluminescence measurements of NO, the PGI estimate decreases by 0.6 ppt due to the use of lower mixing ratios of NO 2 within the box model. Further details are provided in Text S3 and Figures S2a and S10b. Consequently, the lower limit of our PGI estimate includes the uncertainties introduced by constraining modeled NO y to chemiluminescence NO.
Additionally, the analysis presented in this section and in section 3.1 was repeated using a dynamical definition of the tropopause (2 PVU, green lines in Figure 1 ) instead of the thermal tropopause. With the dynamical tropopause, the resulting SGI VSLS increases to 3.0 ± 0.7 ppt and the PGI decreases to 1.7 ± 2.0 ppt, which is within the overall uncertainties calculated using the thermal tropopause.
Values of Br y inferred from the AMAX-DOAS measurements of BrO level off, with respect to CFC-11, for mixing ratios of CFC-11 below about 210 ppt (green squares, Figure 8 ). This behavior is contrary to the theoretical expectation that Br y should rise as CFC-11 declines. The lowest mixing ratios of CFC-11 are accompanied by sharp positive spikes in O 3 ( Figure 3d ). As discussed in section 2.1.1, since the AMAX-DOAS instrument collects slant column measurements of BrO horizontally in front of the plane and in a narrow band above and 
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Journal of Geophysical Research: Atmospheres below the aircraft, it is possible that the sharp gradients in atmospheric composition, as observed by the in situ AWAS and chemiluminescence instruments, are not captured by the remote sensing AMAX-DOAS instrument. Conversely, since high levels of O 3 can interfere with the CIMS measurements, sharp atmospheric gradients can also affect the in situ observations. Furthermore, for locations where peak O 3 and NO 2 are observed, the impact of kinetic uncertainties on BrONO 2 kinetics increases. Consequently, we use the combination of the AMAX-DOAS and CIMS observations of BrO to calculate our reported values of Br y VSLS and PGI.
The 2.1 ± 2.1 ppt PGI estimate presented here is in good agreement with previous ATTREX and CONTRAST studies. In the Navarro et al. (2015) analysis of ATTREX GWAS measurements, only CAM-chem-SD was used to estimate PGI. In their study, output from the CAM-chem-SD model at 17 km was used to estimate a value for PGI of 1.97 ± 0.21 ppt. Our observational based estimate is nearly identical, albeit with larger uncertainty, which most probably arises because we consider a wider age-spectrum of air masses within the lower stratosphere. The two previous studies that analyzed CONTRAST measurements of BrO restricted their estimates of PGI to analysis of data collected in the upper troposphere and the bottom of the stratosphere (i.e., where O 3 < 200 ppb and the observed ratio of H 2 O/O 3 < 0.1 ppm/ppb). The PGI estimate presented in Koenig et al. (2017) is 2.6 ± 0.6 ppt based on remotely sensed AMAX-DOAS measurements and is slightly higher than our estimate of 2.2 ± 1.3 ppt (Figure 8b ) based on analysis of all AMAX-DOAS data collected for altitudes above the thermal tropopause. Chen et al. (2016) estimated a PGI of approximately 2 ppt based on Br y inferred from in situ CIMS observations of BrO acquired for air parcels where O 3 is between 100 and 200 ppb, which is in agreement with the 1.7 ± 1.3 ppt estimate (Figure 8c ) presented here based on our analysis of all CIMS BrO acquired in the stratosphere. Our study is the first to present a single estimate for PGI by combining measurements of BrO obtained by both the AMAX-DOAS and CIMS instruments during CONTRAST.
Stratospheric Bromine From VSLS (Br y VSLS )
The total contribution of VSLS to stratospheric bromine is found by combining our SGI VSLS (2.9 ± 0.6 ppt) and Our best estimate of Br y VSLS of 5.0 ppt is in perfect agreement with the value given by WMO 2014. However, our ±2.1 ppt uncertainty is smaller than the WMO 2014 uncertainty of ±3 ppt. We also estimate that 58% of Br y VSLS enters the stratosphere as organic compounds (SGI VSLS = 2.9 ± 0.6 ppt) and the remaining 42% enters as inorganic bromine (PGI = 2.1 ± 2.1 ppt). In WMO 2014, the best estimate for SGI VSLS is 0.7 to 3.4 ppt based on observations of brominated VSLS at the tropical tropopause, and the best estimate for PGI is 1.1 to 4.3 ppt based on modeling studies (Table 1-9 of Carpenter et al., 2014) . In addition to observed SGI VSLS and modeled PGI, estimates of Br y VSLS in WMO 2014 have been based on analysis of BrO profiles in the middle to upper stratosphere obtained by either ground-based (e.g., Schofield et al., 2004; Theys et al., 2007) , balloon-borne (e.g., Dorf et al., 2008; Stachnik et al., 2013) , or satellite instruments (e.g., Dorf et al., 2006; Kovalenko et al., 2007; McLinden et al., 2010; Parrella et al., 2013; Sioris et al., 2006) . The mean value of the best estimate for Br y VSLS from these studies is 6 ppt, with a range of 3 to 8 ppt (Carpenter et al., 2014) . If the modification to the kinetics that govern the BrONO 2 to Br y ratio put forth by Kreycy et al. (2013) based on atmospheric observations is adopted, these values fall to a best estimate of 5 ppt, with a range of 2 to 8 ppt. This proposed kinetic revision would decrease our Br y VSLS estimate by 0.5 ppt and is considered in our overall uncertainty (Text S3).
Also, our estimate is in close agreement with the 5.2 ± 2.5 ppt value for Br y VSLS given by Dorf et al. (2008) based on analysis of balloon-borne observations acquired at Teresina, Brazil Journal of Geophysical Research: Atmospheres inorganic bromine (PGI = 4.0 ± 2.5 ppt) than found in our study. They also ascribed the same uncertainty to both Br y VSLS and PGI (i.e., ±2.5 ppt), since organic bromine species are able to be measured with much better accuracy and precision than can be achieved for BrO. The need to infer total inorganic bromine from measured BrO adds an additional, important source of uncertainty (e.g., Kreycy et al., 2013) to estimates of both PGI and Br y VSLS .
Comparison to CCMI Models
Model Descriptions
Output from 14 global models involved in CCMI (Eyring et al., 2013; Morgenstern et al., 2017) was analyzed to assess the representation of the stratospheric supply of bromine from VSLS (Table 4) . Thirteen of these models are chemistry-climate models (CCMs) that rely on internal, model generated transport fields, whereas TOMCAT is a chemical transport model (CTM) that uses fields from European Centre for Medium-Range Weather Forecasts reanalysis (ERA)-Interim meteorology (Dee et al., 2011) . Three simulations of the EMAC CCM were considered. The EMAC-L47MA and EMAC-L90MA simulations use internally generated meteorological fields with 47 and 90 hybrid-pressure levels, respectively. The EMAC-L90MA-SD simulation (i.e., with 90 hybrid-pressure levels), nudged by Newtonian relaxation toward ERA-Interim meteorology (Dee et al., 2011) , was examined to assess the effect of observed versus internally generated meteorology on the results of this study. The inclusion of EMAC in the multimodel mean analysis is based on the average of the three simulations, before combining with other models, so that EMAC does not have undue influence on the resulting multimodel mean. The CCMI models are grouped according to how they represent Br y VSLS . As listed in Table 4 , nine of the models provide an explicit simulation of at least the two major VSLS (CHBr 3 and CH 2 Br 2 ). The majority of the CCMs that explicitly represent VSLS impose a 1.2 ppt surface mixing ratio for both CH 2 Br 2 and CHBr 3 , as suggested by Eyring et al. (2013) . The surface loading of VSLS from Eyring et al. (2013) was designed to result in 4.5 to 5.0 ppt of Br y VSLS , since washout was expected to remove a fraction of the inorganic gases produced by oxidation of VSLS in the troposphere. The EMAC model and TOMCAT CTM are exceptions among the explicit CCMI models for their treatment of Br y VSLS . In addition to CH 2 Br 2 and CHBr 3 , the EMAC simulations include bromine sources from sea-salt aerosols and three minor VSLS (CH 2 BrCl, CHBr 2 Cl, and CHBrCl 2 ). Also, biogenic emissions of VSLS in EMAC emissions are parameterized according to Warwick et al. (2006) . Within TOMCAT the surface mixing ratios of CHBr 3 and CH 2 Br 2 are each 1 ppt. Finally, the implementation of sources of VSLS in the CESM1 CAM4-Chem version included in CCMI follows Eyring et al. (2013) , while the CAM-chem-SD version used in section 2.1.2 to analyze CONTRAST and ATTREX observations relied on the Ordóñez et al. (2012) emission scenario.
The last five CCMs listed in Table 4 utilize a simplified treatment for VSLS. Within these models, the surface mixing ratio of CH 3 Br was increased by 5 ppt to represent the bromine loading from VSLS. This surrogate method was described by Eyring et al. (2013) as an option for modeling groups that did not have the resources to add explicit treatment of VSLS. The surface mixing ratio of CH 3 Br was increased by 5 ppt since tropospheric loss of this compound, which is longer-lived than VSLS, is expected to be small.
We have included all CCMI models that have archived model output for CBr y , Br y , and CFC-11 for winter 2014. Except for the TOMCAT CTM and EMAC-L90MA-SD simulation, the model results are not based on observed transport fields and hence are not expected to match the actual meteorological conditions. However, due to changing anthropogenic emissions and regulation by the Montreal Protocol, the surface mixing ratios of CH 3 Br and halons change over time. To assess the model representation of the bromine loading observed
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Multimodel Means
The goal of CCMI is to evaluate and improve the behavior of global models that have been designed to assess the interactions between climate change and atmospheric chemistry (Eyring et al., 2013; Morgenstern et al., 2017) . Many scientific studies that utilize CCMI models have focused on stratospheric ozone (e.g., Fernandez et al., 2017; Oman et al., 2016; Sinnhuber & Meul, 2015) . Since realistic representation of bromine is necessary to properly simulate stratospheric ozone, we compare the bromine loading in 14 CCMI models (Table 4) to the empirical estimate based on CONTRAST and ATTREX observations. Each CCMI model is classified as either having "explicit" or "surrogate" treatment of VSLS, as discussed in section 4.1.
Multimodel means of bromine as a function of CFC-11 from explicit and surrogate models are shown in Figure 9 . The modeled CBr y , Br y , and total bromine (CBr y + Br y ) have been averaged within 10 ppt bins of modeled CFC-11. To properly compare observed and modeled bromine using CFC-11, model output for CFC-11 is scaled by the ratio of observed to modeled CFC-11 at the tropical tropopause (Table S4) . Since the variation of CBr y compounds with CFC-11 is expected to be different in the tropics than in the extratropics (Volk et al., 1996) , and the majority of the observations used in our study were obtained in the northern extratropics, model output was filtered to include output poleward of 30°N and between the model tropopause pressure and 1 hPa. Similar figures for all individual explicit and surrogate models are discussed in section 4.3.
The three observed bromine relations (total, organic decay, and inorganic rise) are shown in grey as functions of CFC-11 in Figure 9 . The solid grey regions represent the observed range of CFC-11. The observed CBr y relation is based on the solid black line shown in Figure 6b . The observed Br y relation is inorganic bromine that forms upon stratospheric decay of all CBr y compounds (equation (4), lower limit of grey shading) plus the amount of inorganic product gas that is transported across the tropopause (PGI = 2.1 ± 2.1 ppt, upper limit of grey shading). The lower and upper boundaries for Br y and for total bromine, which is the sum of observed CBr y and Br y , are both defined Figure 6b ). Since the lowest mixing ratio for CFC-11 observed during CONTRAST was 188 ppt, bromine relations at lower mixing ratios of CFC-11 are extrapolated and shown using dashed lines (only upper and lower limits are shown). These extrapolations are based on the values reported in Table 2 as well as equations (3) and (4), following an approach that is commonly used to relate aircraft observations to global model output (e.g., Wamsley et al., 1998) . Figure 9a shows results from the multimodel mean of CCMI models with explicit representation of VSLS. The values of CBr y and Br y in these models follow the observed curvature of the respective observed bromine versus CFC-11 relations quite well. However, the values of Br y tend to lie either close to the central values of our empirical estimate or along the upper limit of the range for all levels of CFC-11. The good agreement between the modeled and observed relations implies that mean SGI VSLS and PGI in explicit models are similar to that determined using CONTRAST and ATTREX data. Table 5 compares the multimodel mean and standard deviation of SGI and PGI from the CCMI models to the same values inferred from the field observations. For this table, SGI LL and SGI VSLS were calculated respectively from the sum of long-lived bromocarbons and VSLS at the tropopause pressures, reported by the global models, within the tropics (20°S to 20°N). Likewise, PGI and total bromine were calculated from the mixing ratios of modeled Br y and the sum of modeled organic and inorganic bromine, respectively, at the tropical tropopause. Multimodel mean values are highlighted in bold and are calculated separately for explicit and surrogate models. Results for individual models are discussed in section 4.3.
The mean value of SGI VSLS for the explicit models is 2.8 ± 1.1 ppt, which is close to the observed value of 2.9 ± 0.6 ppt ( Table 5 ). As described in section 4.1, the Eyring et al. (2013) emission scheme for VSLS in CCMI models prescribes a sum of 6 ppt of bromine from VSLS at the surface. This value is consistent with the 5.9 ± 0.5 ppt of bromine from VSLS observed between altitudes of 0 and 0.5 km in the TWP during CONTRAST ( Figure 5 ). The mean value of SGI LL is 13.9 ± 0.6 ppt for explicit models, which is lower than the observed value of 15.0 ± 0.2 ppt. All CCMI models assign surface mixing ratios of CH 3 Br and halons according to the A1 scenario from the 2010 WMO Ozone Assessment, for a sum of 15.0 ppt of bromine. The WMO 2010 values for CH 3 Br and halons are all within 0.1 ppt of the mixing ratios given in the WMO 2014 scenario (black dashed lines in Figure S8 ) and within 0.2 ppt of surface CONTRAST observations in the TWP. Consequently, the lower value of SGI LL within explicit models indicates a higher tropospheric loss of long-lived bromocarbons in CCMI models than observed.
Finally, the mean value of PGI for explicit models is 3.6 ± 0.9 ppt. This value is larger than the observed value of 2.1 ± 2.1 ppt but within the observed range of uncertainty. As shown in section 4.3, all nine models with explicit treatment of VSLS estimate higher PGI than observed. This reflects the tendency of the modeled Br y to be along the upper range of observations in Figure 9a . The CCMI model representation of PGI depends on the rate of decomposition of organic bromocarbons in the tropical troposphere (e.g., Rex et al., 2014) and the subsequent efficiency of washout of inorganic product gases (e.g., Sinnhuber & Folkins, 2006) . Additionally, the inclusion of both heterogeneous reactions of inorganic bromine species (e.g., Fernandez et al., 2014) and the sea-salt dehalogenation source (e.g., Schmidt et al., 2016; Wang et al., 2015) will also affect the representation of PGI within individual CCMI models. Finally, the faster decomposition of SGI LL within explicit models compared to observations, discussed above, could be a contributing factor to the overestimate of PGI. Further research is required to understand the role of these factors in driving the differences 12.9 ± 0.2 5.0 ± 0.3 4.8 ± 0.8 22.7 ± 0.5 EMAC-L90MA
13.1 ± 0.1 5.1 ± 0.2 4.6 ± 0.5 22.8 ± 0.5 EMAC-L90MA-SD 13.5 ± 0.2 5.7 ± 2.3 3.7 ± 0.8 22.9 ± 0.8 NIWA-UKCA 13.5 ± 0.1 1.9 ± 0.1 3.8 ± 0.3 19.2 ± 0.07 SOCOL3 14.4 ± 0.1 3.0 ± 0.2 5.3 ± 0.5 22.7 ± 0.02 TOMCAT CTM 14.6 ± 0.8 3.4 ± 0.9 2.3 ± 1.6 20.4 ± 0.02 Explicit models 13.9 ± 0.6 2.8 ± 1.1 3.6 ± 0.9 20.3 ± 1.5 CNRM-CM5. of computed PGI shown in Table 5 , as well as the tendency for all of the models to exceed our central empirical estimate of 2.1 ppt.
The bromine relations in CCMI models with surrogate VSLS are shown in Figure 9b . Since CH 3 Br has a longer photochemical lifetime than VSLS in the lower stratosphere, the decay of CBr y with decreasing mixing ratios of CFC-11 is slower in these models compared to both observations ( Figure 9b ) and CBr y from models that use an explicit treatment (Figure 9a) . Consequently, Br y in the surrogate CCMI models most commonly lies along the lower limit of the empirical range of the Br y versus CFC-11 relation, particularly in the lower stratosphere (i.e., for the highest mixing ratios of CFC-11). As a result, these models could underestimate the role of bromine in photochemical loss of ozone in this region of the atmosphere. For older air parcels (i.e., low mixing ratios of CFC-11), Br y in the surrogate models resembles the observed Br y versus CFC-11 relation quite well, due to the release of bromine contained in CH 3 Br. Table 5 lists numerical values only for SGI LL , PGI, and total bromine from the surrogate models. The entry for SGI LL in Table 5 represents SGI by all organic compounds, since VSLS are not explicitly simulated. These surrogate models exhibit a PGI of 1.0 ± 0.3 ppt, which is lower than both the observed value of 2.1 ± 2.1 ppt as well as that found by the explicit models, 3.6 ± 0.9 ppt. This tendency is due to the relatively long tropospheric lifetime of CH 3 Br compared to CHBr 3 and demonstrates a potential shortcoming in the surrogate treatment of VSLS.
The mean total bromine loadings of 20.3 ± 1.5 ppt in the explicit models as well as the 20.0 ± 1.0 ppt in the surrogate models are both close to the 20.0 ± 2.1 ppt observed value (Table 5) . Furthermore, for more photochemically aged air (i.e., CFC-11 less than~120 ppt), the representation of Br y in surrogate models is within the observed range (Figure 9b) . Consequently, the representation of stratospheric bromine for studies of polar ozone should be reliable for both explicit and surrogate treatments of VSLS. All CCMI models that use either explicit or surrogate representations of VSLS lie much closer to the empirical estimate of Br y (grey) than to the estimate using only CH 3 Br and halons (orange). As a result, both CCMI methods for including VSLS are able to more closely simulate observed stratospheric bromine than would be found if VSLS had been completely neglected.
Our estimates for stratospheric bromine injection in Table 5 are calculated using the tropopause values throughout the tropics from the CCMI models. Because the output from the majority of the CCMs are only available as zonal means, we are not able to separate the contribution of the TWP. The precise values for SGI and PGI within the CCMs can depend on details of the meteorological fields. However, a comparison between EMAC simulations that used internally generated transport fields and that relied on observed meteorology revealed no discernible difference in the resulting bromine relations in the middle and upper stratosphere and a small difference, well within the observational uncertainty, for the LMS (Text S4 and Figure S11 ). Furthermore, values of SGI and PGI from the CCMI models calculated using the tracer-tracer relation approach are similar to those given in Table 5 (Table S5 ). The mean PGI for explicit models calculated using tracer-tracer relations is 0.6 ppt higher than the value given in Table 5 . The difference between all other multimodel mean values in Tables 5 and S5 are between À0.2 and 0.3 ppt. Within individual models, there is no clear pattern to these offsets.
Previous modeling studies have evaluated the ability of different emission inventories of VSLS to represent stratospheric bromine injection. Our estimates for SGI VSLS of 2.9 ± 0.6 ppt (observed) and 2.8 ± 1.1 ppt (explicit CCMI models; Table 5 ) are slightly higher than the SGI VSLS value of 2.0 ppt (range 1.2 to 2.5 ppt) reported by Hossaini et al. (2016) . Additionally, the values of Br y VSLS calculated from the sum of PGI and SGI VSLS are 5.0 ± 2.1 ppt based on observations and 6.4 ± 1.4 ppt in explicit models. Both values of Br y VSLS are well within the 4 to 8 ppt range reported by Hossaini et al. (2013) . While the global models considered in the Hossaini et al. (2016) and Hossaini et al. (2013) studies use observation-based emission inventories for VSLS (Liang et al., 2014; Ordóñez et al., 2012; Ziska et al., 2013) , the CCMI models (with the exception of EMAC) use a more simplified approach of prescribed surface mixing ratios of VSLS. It is therefore reassuring that this simplified approach is able to adequately represent stratospheric injection of VSLS. Explicit representation of oceanic emissions of VSLS provides an avenue for assessing the impact of climate change and oceanic biology on atmospheric bromine that is inaccessible upon use of prescribed mixing ratios (Falk et al., 2017; Lennartz et al., 2015) . Our analysis of the aircraft observations in the TWP, such as the grey curves in Figure 9 ,
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Journal of Geophysical Research: Atmospheres provides a benchmark for evaluation of the simulated representation of stratospheric bromine within global models. Figure 10 shows bromine relations from all individual CCMI models with explicit treatment of VSLS. Each panel was prepared in the same manner as Figure 9 , and the panel for EMAC uses the mean of the three simulations shown in Figure S11 . Three of the CCMI models with explicit representations of VSLS (ACCESS, CCSRNIES, and NIWA-UKCA) have CBr y mixing ratios that lie a few ppt below the observed relation. However, for all three of these models, total bromine lies within the observed range of uncertainty. (Table 4 ). The mean of three EMAC simulations, shown in Figure S11 , is shown for EMAC.
Individual Models
The EMAC simulations rely on geographical oceanic emission fields for CHBr 3 , CH 2 Br 2 , and minor VSLS from Warwick et al. (2006) . As a result, offsets between SGI VSLS from the EMAC simulations and the other CCMI models are at least partially due to differences in how the tropospheric behaviors of the source gases are simulated. Mixing ratios of CHBr 3 modeled using the Warwick et al. (2006) emissions have been shown to exceed observed values in Southeast Asia, which led to a suggested downward revision in the local rate of emission (Pyle et al., 2011) . The observations considered by Pyle et al. (2011) were collected near the location sampled during CONTRAST and ATTREX. Therefore, the tendency for CBr y from EMAC to lie above our observed value (Figure 10 ) will likely be resolved upon application of the downward revision in the emission of CHBr 3 .
As discussed in section 4.2, the multimodel mean Br y ( Figure 9a ) and PGI (Table 5 ) in explicit models are within the upper portion of the observed range. Similarly, in Figure 10 the values of Br y from the explicit models tend to lie either close to the central values of our empirical estimate (CCSRNIES, CAM4Chem, WACCM, CMAM, and TOMCAT) or along the upper limit of the range (ACCESS, EMAC, NIWA-UKCA, and SOCOL3). CAM4Chem and WACCM both rely on the Community Earth System Model (CESM) framework, which we have also used to define the halon-1301 versus CFC-11 relation, because halon-1301 was not measured during CONTRAST and ATTREX. Since halon-1301 supplies 3.24 ppt to the bromine budget, this could contribute to the similarity between the results from these models and our estimated Br y versus CFC-11 relation. Additionally, CH 3 Br in ACCESS, CMAM, and NIWA-UKCA was scaled to represent halon loading (Stone et al., 2016) . Since CH 3 Br has a shorter photochemical lifetime than halons (Table 2) , the use of CH 3 Br to represent halons likely results in faster release of Br y in these models, contributing to higher Br y loading in the lower stratosphere.
The representations of PGI in CCSRNIES, SOCOL3, and all EMAC simulations are 0.4 to 1.3 ppt larger than the observed upper limit of 4 ppt ( Table 5) . As a result, the Br y loadings in these models fall along the upper limit of the observed Br y versus CFC-11 relation at the base of the stratosphere (i.e., where CFC-11 = 230 ppt in Figure 10 ). However, because SGI LL and SGI VSLS are both low in CCSRNIES compared to other models as well as observations, inorganic bromine loading in CCSRNIES agrees well with observations. The higher value of PGI in EMAC is due to the use of emission fields from Warwick et al. (2006) , as explained above for the discussion of SGI VSLS . The SOCOL3 simulation has the largest value of PGI (5.3 ± 0.5 ppt), which lies above the observed upper limit of 4 ppt. For SOCOL3 and EMAC, the Br y versus CFC-11 relations lie at or just above the upper range of our uncertainty. (Table 4) .
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The bromine relations in individual surrogate models are shown in Figure 11 . Comparisons between these models and the observed bromine relations are consistent with the discussion provided in section 4.2. Furthermore, the total bromine loading in four of the surrogate models (CNRM-CM5.3, GEOSCCM, MRI, and UMSLIMCAT), given in the last column of Table 5 , is close to the 20.0 ± 2.1 ppt estimate based on CONTRAST and ATTREX observations. For these four models, the representation of stratospheric bromine for studies of polar ozone should be reliable. Based on the mean mixing ratio at the tropical tropopause, the total bromine loading in ULAQ is 18.4 ± 0.2 ppt, which is at the lower limit of the range of uncertainty. However, within the stratosphere, total bromine loading in ULAQ exhibits scatter around 20 ppt (orange squares in Figure 11 ), which is much closer to the observed best estimate. Furthermore, PGI and total bromine loading in ULAQ calculated using the tracer-tracer relation method are about 2 ppt larger than found using model output at the tropical tropopause (Table S5 ). This discrepancy between the two approaches for estimating stratospheric injection of bromine is unique to ULAQ and is presently not understood.
Conclusions
The combined organic and inorganic bromine measurements collected during the CONTRAST and ATTREX aircraft campaigns in the TWP during winter 2014 provide a unique opportunity to study the contribution of VSLS to stratospheric bromine. The TWP is a region of strong convection and is the dominant pathway for short-lived compounds to reach the stratosphere, particularly during boreal winter. The payloads onboard the CONTRAST and ATTREX aircrafts included instruments that measured BrO, a suite of long-lived bromocarbons, VSLS, many other chemical constituents critical to our analysis (i.e., O 3 , NO, NO 2 , CFC-11, H 2 O, CO, and CH 4 ), as well as spectral actinic flux and aerosol SAD. Data from the CONTRAST and ATTREX campaigns provide the first opportunity to quantify the gas phase bromine budget, across the TTL and extending into the LMS of the critically important TWP, in a comprehensive manner that includes direct observations of organic and inorganic bromine species.
Empirical relations between bromocarbons and CFC-11, a tracer of photochemical aging across the tropopause, were developed using WAS measurements. These bromocarbon-tracer relations were used to quantify the stratospheric injection of long-lived substances and VSLS in organic form (SGI). Based on this analysis, the contribution to stratospheric bromine from VSLS (SGI VSLS ) was determined to be 2.9 ± 0.6 ppt. This estimate is slightly lower than the 3.4 ± 0.3 ppt bromine content of organic VSLS observed at the average cold-point tropopause height (17 km) in the TWP during ATTREX. Estimates for SGI VSLS found by both methods exceed the WMO 2014 best estimate of 1.4 ppt but lie within their upper uncertainty range (0.7 to 3.4 ppt), which was based on prior observations near the tropical tropopause (Carpenter et al., 2014) . The ATTREX value of 3.4 ± 0.3 ppt is likely influenced by vigorous convection during boreal winter in the TWP, and therefore could be biased high relative to the tropical average SGI VSLS . We give 2.9 ± 0.6 ppt as our best estimate for SGI VSLS because this value, found using the tracer-based approach, is based on analysis of data collected in the stratosphere that incorporates air masses with a wide range of convective histories throughout the tropics. Further research is needed to define possible seasonal and interannual variability in SGI VSLS (e.g., Fiehn et al., 2018; Hossaini et al., 2016) .
Two flights during CONTRAST sampled the extratropical stratosphere by crossing the subtropical jet off the coast of Japan. Observations of BrO obtained during these flights by two instruments, AMAX-DOAS (Koenig et al., 2017) and CIMS (Chen et al., 2016) , were combined with a photochemical box model to yield estimates of gas phase Br y . This empirical estimate of Br y was combined with observations of long-lived bromocarbons and VSLS to estimate the stratospheric injection of bromine that crosses the tropopause in inorganic form (PGI). Our best estimate of PGI is 2.1 ± 2.1 ppt. The use of empirical bromocarbon-tracer relations builds on previous CONTRAST and ATTREX studies by providing a method for estimating PGI that considers the stratospheric decay of source gases and is applied to a large ensemble of stratospheric air masses. In the TWP, PGI represents both the decomposition products of brominated VSLS and the transport of labile inorganic species produced by brominated sea salt throughout the troposphere. Our value is within the 1.1 to 4.3 ppt range for PGI given by WMO 2014, which was largely based on model estimates of the whole tropical region. The largest contributor to the overall uncertainty in our estimate of PGI is the measurement uncertainty of BrO. Additionally, observations of BrO from both instruments exhibit considerable deviation about the respective means, which also contributes to the 10.1029/2017JD027978
Journal of Geophysical Research: Atmospheres overall uncertainty in PGI. The chemical kinetics that drive the ratio of BrO to Br y as well as ambient NO 2 and NO also contribute to the 2.1 ppt total uncertainty in PGI.
Our best estimate for the total contribution of VSLS to stratospheric bromine (Br y VSLS ) is 5.0 ± 2.1 ppt. This estimate agrees with the 5 ± 3 ppt assessed value given in WMO 2014, albeit with lower uncertainty. Our overall uncertainty in Br y VSLS is dominated by the contribution of PGI, which in turn depends on the uncertainty in measured BrO. The value for Br y VSLS given in WMO 2014 is mainly based on model estimates of BrO near the tropical tropopause as well as stratospheric slant column measurements of BrO. There are large uncertainties in calculating BrO near the tropical tropopause due to aerosol uptake and washout (e.g., Sinnhuber & Folkins, 2006) , spatial distribution of biogenic emissions of VSLS (e.g., Hossaini et al., 2013) , the strength of convection (e.g., Fernandez et al., 2014) , the efficiency of removal of VSLS by OH (e.g., Rex et al., 2014) , and the production of labile bromine from sea-salt aerosol (e.g., Schmidt et al., 2016) . Given these uncertainties, an empirically based estimate for PGI based on measured BrO in the Western Pacific constitutes a significant step forward in our understanding of the effect of oceanic biology on stratospheric composition.
Our best estimate of Br y VSLS of 5.0 ppt is the same as the WMO 2014 value. However, we apportion a larger fraction of the stratospheric transport of VSLS to source gases, 2.9 ppt versus the WMO 2014 value of 1.4 ppt based on prior observations at 17 km in the tropics. The consistency of our two estimates of SGI VSLS further supports the notion that cross tropopause transport of brominated very short-lived source gases is higher than given in the WMO 2014 assessment. Prior estimates of SGI VSLS have focused on analysis of data collected in the upper tropical troposphere at specific locations, outside of the TWP. Our best estimate is based on the use of tracer-based analysis of air masses sampled in the extratropical lower stratosphere, which reflects the influence of diverse convective histories throughout the tropics. Hossaini et al., 2016) .
We have also provided a comprehensive comparison to the representation of brominated VSLS within 14 global models that participated in CCMI (Morgenstern et al., 2017) . The CCMI models that have explicit treatment of VSLS simulate SGI VSLS in a manner that is in very good agreement with observations. These models also represent PGI that is either close to our best empirical estimate or near the upper range of the observed uncertainty. Conversely, CCMI models that have surrogate treatment of VSLS (i.e., longer-lived CH 3 Br is used as a proxy for VSLS) simulate stratospheric injection of Br y that is close to the lower range of our observationally constrained estimate. The difference between explicit and surrogate treatment of VSLS is driven by slower decay of CH 3 Br relative to VSLS.
The representation of total stratospheric bromine within CCMI models is significantly improved upon consideration of either treatment of VSLS. The multimodel mean of total bromine within explicit and surrogate models is 20.3 ± 1.5 ppt and 20.0 ± 1.0 ppt, respectively, in excellent agreement with the 20.0 ± 2.1 ppt expected based on our observations. Methyl bromide and halons, long-lived sources, provided about 15 ppt of total bromine to the stratosphere in winter 2014. Therefore, either representation of VSLS provides a demonstrable, significant improvement over previous versions of these models that neglected the effect of VSLS on stratospheric bromine. The current formulation of bromine within the CCMI models should therefore provide more reliable simulations of the recovery of the Antarctic ozone hole Oman et al., 2016) , the effect of volcanic activity on midlatitude ozone (Feng et al., 2007; Klobas et al., 2017; Salawitch et al., 2005) , the impact of geoengineering of climate on ozone (Tilmes et al., , 2008 , and tropospheric residual BrO inferred from satellite observations (Choi et al., 2012; Salawitch et al., 2010; Theys et al., 2011) compared to coupled chemistry-climate simulations that supply stratospheric bromine from only CH 3 Br and halons.
